This study examined the relationship between urbanization and parasite community 22 structure in the estuarine fish, Fundulus heteroclitus. We measured landscape and 23 physicochemical factors associated with urbanization at 6 sites from 4 collection periods. 24
Introduction

37
Urbanization significantly alters estuarine environments through landscape composition 38 changes, habitat fragmentation, and contamination (Paul and Meyer, 2001; Lowe and Peterson, 39 life-cycle parasites have life stages that are exposed to the external environment and are 48 dependent upon trophic interactions; whereas direct life-cycle parasite transmission largely does 49 not involve trophic interactions. Consequently, urbanization may differentially affect parasite 50 species but data that associates urbanization with parasite communities and life-history strategy 51 are sparse (but see Calegaro-Marques 2014 and Blanar et al. 2016) . 52
Parasite life-cycles can be broadly characterized as either indirect or direct. Indirect life-53 cycle parasites require different species of hosts to complete their life-cycle and are largely 54 dependent on trophic interactions which occur more frequently in locally stable communities 55 (Anderson and Sukhdeo, 2013a ). This essential interaction has been used to demonstrate how 56 parasites can be indicators of free-living diversity (Hechinger et al., 2007) , and as such, it has 57 been argued that a healthy ecosystem is one that is rich in parasites (Hudson et al., 2006) . In 58 urbanized estuaries, host population dynamics may be less stable, resulting in reduced diversity 59 or less predictable host dynamics, causing a concomitant decrease in the richness and abundance 60 of indirect life-cycle parasites (Anderson and Sukhdeo, 2013b ). On the other hand, direct life-61 cycle parasites require only one species of host to complete their life-cycle and are largely 62 dependent on host population densities, as abundant hosts increase the probability of a parasite 63 encountering a suitable environment to colonize (Arneberg et al., 1998) . A feature of urbanized 64 estuaries is habitat fragmentation leading to small patch sizes, which can result in increased host densities, causing a concomitant increase in the richness and abundance of direct life-cycle 66 parasites (Wang and Moskovits, 2001; Hussain et al. 2013) . 67
Many of the studies that examine the interaction between host and parasite in urbanized 68 ecosystems have been conducted with human pathogens (Bradley and Altizer, 2007) , consider a 69 single host and a single parasite (Johnson et al., 2009) , or a single contaminant and landscape 70 factor. Further, linking the regional process of urbanization to local transmission and diversity of 71 should be mediated through different life-cycle strategies. We predicted that urbanized sites 79 would have low diversity and prevalence of complex life-cycle parasites; but direct life-cycle 80 parasites would increase in diversity and abundance. 81
Materials and methods
82
Study site description 83 We examined 6 sites along the coastline of Georgia, USA, that reflected variation in 84 urbanization, measured through % impervious surface within a 250 m radius around each site 85 ( Fig 1) . We used this metric to select sites because impervious surface is a strong predictor of 86 different effects of urbanization, such as landscape composition changes, habitat fragmentation, 87 and contaminants (Paul and Meyer, 2001; Lerberg et al. 2000) . The 250 m radius around each 88 site was chosen because this is similar to the home range size of the focal host organism, 89
Fundulus heteroclitus (Lotrich, 1975; Teo and Able, 2003) . The 250 m radius criteria was used 90 as an objective measure to select sites representing a range of urbanization and its effects, 91 however, for the landscape composition analyses, we used a larger spatial scale at the watershed 92 level that is described below. 93
Quantifying the landscape and physicochemical environment 94 We defined the boundaries of the landscape to the lowest level watershed provided by the United 95
States Geological Survey (USGS) Watershed Boundary Dataset (WBD): the hydrological unit 96 code (HUC) 12-digit boundary (Lotrich, 1975) . We used the 2011 National Land Cover Dataset 97 (NLCD) and National Oceanic and Atmospheric Administration's (NOAA) Coastal Change 98
Analysis Program (C-CAP) for the regional land cover analysis. Regional landscape composition 99 and change were measured using ArcGIS (ArcGIS Version 10.3, Environmental Systems 100
Research Institute, Redlands, California). We also calculated a series of regional landscape 101 metrics: patch density, largest patch index, edge density, mean salt marsh size, % salt marsh, % 102 developed land, and total area using FRAGSTATS software (FRAGSTATS, version 4.2, 103
University of Massachusetts, Amherst, Massachusetts). Patch density is an index that expresses 104 the number of continuous habitat types, or patches, per unit area, and is a metric for landscape 105 heterogeneity. Largest patch index is the size of the largest habitat patch relative to the size of the 106 landscape, and is a measure of landscape dominance. Edge density is an index of the amount of 107 habitat edges per unit area, and the contrast between developed land and salt marsh was weighted 108 at 0.5 to evaluate salt marsh habitat fragmentation by urban structures or landscapes. Mean salt 109 marsh size is an index of the size of a salt marsh habitat patch, with larger patches weighted in 110 order to decrease the sensitivity of the mean to small habitat patch sizes. The % salt marsh and developed land is the percentage of the landscape comprised of those categories, and is a metric 112 for habitat size and dominance. Total area refers to the area of the watershed. In addition, we 113 used the National Oceanic and Atmospheric Administration's (NOAA) Coastal Change Analysis 114
Program (C-CAP) to evaluate % landscape change within the HUC-12 digit watersheds for the 115 period of time from 1996 -2010. 116 We collected information on the physicochemical environment from each site at flow and 117 ebb tide in March, June, September 2015 and February 2016. Flow and ebb tide measurements 118 were averaged for each site and time point for analysis. We measured pH, temperature, salinity, 119 and conductivity using a handheld multiparamenter instrument (Yellow Springs Instruments 120 Professional Plus; Yellow Springs Instruments, Yellow Springs, Ohio). In addition, we 121 quantified the trace metal composition, nutrient concentrations, and chlorophyll a concentration 122 during these dates. To extract chlorophyll a, we followed a standard acidification method (EPA 123 445.0), whereby a volume of 100 ml was filtered using Whatman GF/F filters (47 mm; 0.7 Environmental Analysis (Athens, Georgia). These samples were filtered using a microwave-129 assisted nitric acid method (EPA 3015), and total nitrogen, total phosphorus, and 72 metals were 130 analyzed with inductively coupled plasma mass spectrometry (ELAN 9000; PerkinElmer, 131 Waltham, Massachusetts). In addition to water analyses, we quantified the trace metal 132 composition of sediment by collecting 3 -8 cm core samples from randomized locations within 133 each site in September 2015. These samples were sent to the University of Georgia Laboratory 134 for Environmental Analysis (Athens, Georgia), and were prepared using a microwave-assisted 135 nitric acid method (EPA 3052). 136 137 We used the parasite community of a focal species, the common marsh killifish 
Quantifying the parasite community in Fundulus heteroclitus
Statistical Analyses
155
To visualize the variation in parasite component community structure, we performed non-156 metric multi-dimensional scaling (NMDS). In the NMDS, average abundances of parasite species in each component community were calculated and square root transformed to control 158 for the effect of high abundance parasite taxa. A resemblance matrix was constructed using 159
Bray-Curtis dissimilarity distance, and stress was calculated using Kruskal's stress formula 1. To 160 determine whether there were significant differences in parasite component community structure, 161
we performed a permutational multivariate ANOVA (PerMANOVA). For this analysis, we used 162 site as a factor and performed 999 permutations. Additionally, we performed a 2-way crossed 163 similarity percentage (SIMPER) analysis to identify the parasite species that contributed to 5% 164 or greater of the variation in parasite community structure between sites (PRIMER-E LTD., Prior to this analysis, we conducted a variable reduction process to simplify the 48 water and 65 173 sediment trace metal and nutrient concentration data (JMP Pro 12.0.0, SAS Institute Inc). To do 174 this, we generated a correlation matrix of element concentrations, placed all variables in one 175 cluster, and then conducted binary splits based on the magnitude of the second eigenvalues. 176
Variables were iteratively reassigned to clusters, and cluster membership was finalized when the 177 squared correlation to the first principal component was highest. In each cluster, the variable that 178 explained the most variation was used in the subsequent regression tree analysis. In the 179 regression tree analysis, the multivariate response variable was the average abundances of the 180 parasite species and the predictor variables were the landscape metrics and representative 181 physicochemical factors. 182 
Results
183
Parasite community in Fundulus heteroclitus
217
Assessed with NMDS and PerMANOVA, the parasite community composition differed 218 between sites (P < 0.001, Pseudo F 5,12 = 6.11; Fig 2) . SIMPER analysis indicated that the 219 observed differences in parasite community structure were driven by indirect life-cycle parasites: where the factors are all the collected landscape and physicochemical variables collected from 232 the 6 sites across 4 collection periods that predict the observed parasite community structure. In 233 multivariate regression tree analysis, variable importance is determined as the reduction in the 234 loss function attributed to each variable at each split summed across the full tree. The optimum 235 tree size contained 3 leaves, and the primary variable that was most important in determining the 236 parasite community structure was the potassium concentrations in the sediment, with largest 237 patch index (LPI) and aquatic osmium concentrations as secondary predictor variables (CV Error 238 = 0.5608). Parasite communities that were dominated by the indirect life-cycle cestode 239
Glossocercus caribaensis were characterized by sediment potassium levels with a mean of 4063 240 +/-270 mg/L, and an LPI of less than 22. Parasite communities that were dominated by the 241 indirect life-cycle digenean Lasiotocus minutus were characterized by sediment potassium levels 242 with a mean of 4706 +/-468 mg/L and an osmium concentration of greater than 0.01 mg/L. 243
Discussion
244
The goal of this study was to determine the effects of urbanization, mediated through 245 alterations in landscape composition and physicochemical factors, in structuring parasite 246 communities. We determined that parasite community composition differed between sites with 247 different levels of urbanization. Variation in the prevalence and intensity of infection by indirect 248 life-cycle parasites, the digenean Lasiotocus minutus and the cestode Glossocercus caribaensis 249 were the primary drivers for the differences in parasite communities. Although the prevalence of 250 direct life-cycle parasites differed among sites, this difference did not contribute to the overall 251 variation in community composition. Additionally, we found that the landscape composition and 252 physicochemical factors that best predicted the parasite communities were potassium sediment 253 concentration, largest patch index, and aquatic osmium concentration. These data support the 254 prediction that in the common marsh killifish, parasite community composition is explained by 255 metrics associated with human modification of the environment, and parasite responses to 256 urbanization are dependent upon life history. 257
Our results indicated that sediment potassium, water osmium, and largest patch index 258
were the most important factors in determining the structure of parasite communities. Although 259 potassium is not necessarily a contaminant, the concentrations we observed have been reported 260 to significantly affect estuarine communities (Ajitthamol et al. 2016). The upstream watersheds 261 of the high potassium sites are dominated by cotton and soy agriculture, which are especially 262 dependent on potassium fertilizers. The other major contaminant we found to structure parasite 263 communities is the rare element osmium. The concentrations that we observed suggest extreme 264 point source pollution (Turekian et al. 2007 ). Taken together, these data suggest that our sites 265 may have contamination that impacts the survival of benthic organisms, which may subsequently 266 alter trophic interactions and parasite transmission that relies upon those interactions. The major 267 landscape factor in determining parasite community composition, LPI, is a simple measure of 268 landscape "dominance." LPI typically decreases as distance from urban centers increase (Nong 269 et al. 2018) . We found an LPI value of 22 to best predict parasite community structure, and this 270 value was also associated with lower sediment and aquatic contaminant levels. This metric 271 suggests that urbanization is a major driver of parasite community variation, whereby areas with between an urban-rural gradient and life-cycle variation in parasite communities of Rufous-284 bellied thrushes. Our results concur with these studies, and support the proposition that 285 urbanization disproportionately affects indirect life-cycle parasites, which is then reflected in the 286 parasite community structure. 287
We found that sites within urbanized watersheds contained a greater prevalence and 288 intensity of the autogenic (whole life-cycle is aquatic) parasite Lasiotocus minutus, a digenean 289 that uses the focal fish species, Fundulus heteroclitus, as the definitive host, molluscs as the first 290 intermediate host, and fish or crustaceans as the second intermediate host (Stunkard, 1980) . This 291 pattern was unexpected, as this parasite and associated hosts are continuously exposed to the 292 external aquatic environment, and would be exposed to any contaminants or deleterious 293 physicochemical parameters. However, the most important physicochemical parameter in 294 structuring the parasite communities, sediment potassium, may alter trophic structures in a 295 favorable way to the host communities. For example, potassium has been shown to increase 296 phytoplankton abundance in estuaries. This increase in basal resource would disproportionately 297 affect benthic grazers, such as the 1st intermediate hosts for L. minutus. The second complex 298 life-cycle parasite, the cestode G. caribaensis, is allogenic (life-cycle is aquatic and terrestrial), 299 and did not follow the same pattern as L. minutus, and was more dominant in sites associated 300 with less impacts of urbanization. This allogenic cestode has fish-eating birds as definitive hosts 301 and infects a number of fish intermediate hosts (Scholz et al., 2004) . This parasite may appear to 302 be sensitive to urbanization because its definitive host is vagile and can select habitat outside of 303 urbanized salt marshes. Consequently, the difference in prevalence across sites may be due to the 304 effect of the abiotic conditions on parasite life stages external to the host, or through effects on 305 critical aquatic life-cycle hosts, such as the mollusc and bird (Anderson and Sukhdeo, 2010) . 306
Future research should include population size assessments of intermediate and definitive hosts 307
to better disentangle the direct effects of urbanization (through exposure to the environment) and 308 indirect effects (through population dynamics of the hosts). 309
Coastal urbanization and anthropogenic disturbance are rapidly altering free-living and 310 parasite community dynamics. Our results suggest that urbanization and its effects are important 311 in structuring parasite communities of the common marsh killifish, complex life-cycle parasites 312 are more affected than direct life-cycle parasites, and the degree to which individual parasite 313 species respond to urbanization is determined by their specific life history strategy. Further, our 314 data suggest that urbanization likely affects interactions of free-living hosts, and their 315 environment which is then detected as variation in the parasite community. 
